An electrochemical cell contains three open thermodynamic systems that, in dynamic equilibrium, equalize their electrochemical potentials with that of their surrounding by forming an electric-double-layer-capacitor at the interface of the electrolyte with each of the two electrodes. Since the electrode/electrolyte interfaces are heterojunctions, the electrochemical potentials or Fermi levels of the two materials that contact the electrolyte at the two electrodes determine the voltage of a cell. The voltage is the sum of the voltages of the two interfacial electric-double-layer capacitors at the two electrode/electrolyte interfaces. A theoretical analysis of the thermodynamics that gives a quantitative prediction of the observed voltages in an asymmetric cell with an S 8 relay at the positive electrode is provided. In addition, new discharge data and an X-ray photoelectron spectroscopy analysis of the lithium plated on the positive electrode of a discharged cell is presented. Ab initio, DFT methods were used to calculate the band structure and surface-state energies of the crystalline S 8 solid sulfur relay. The theoretical exposition of the thermodynamics of the operative driving force of the chemical reactions in an electrochemical cell demonstrate that our initial experimental data and conclusions are valid. Other reported observations of lithium plating on the positive electrode, observations that were neither exploited nor their origins specified, are also cited.
Introduction
In order to clarify that our observations (Braga et al. 2017 ) of the transfer on discharge of a lithium anode to the cathode conforms to the laws of thermodynamics, the First Law of Thermodynamics for a closed and an open system is rehearsed (The first law of thermodynamics); the electrode/electrolyte interfaces introduce applied forces that perform work on the mobile charges of a cell. Therefore, although a battery cell is a closed system, it contains three open systems, the two electrodes and the electrolyte. Our thermodynamic analysis provides quantitative predictions of our observed voltages for a cell with a sulfur relay. Moreover, it is illustrated how the electric-double-layer capacitors (EDLCs) are formed at the electrode/electrolyte interfaces in order to equalize the electrochemical potentials of the two materials at an interface. In Section "Experimental", additional experimental data corroborating plating on the positive electrode of an asymmetric cell in a discharge at a finite voltage is provided. In addition, it is shown how the electrochemical potentials of the phases and elements in each phase vary in a mixture depending of the surrounding contacting-phase. Examples from the literature of plating of an alkali-metal negative electrode on the positive electrode at a finite voltage are cited, observations that were neither utilized nor fully understood.
The first law of thermodynamics
A closed system is a physical system that does not exchange matter with the surroundings but it exchanges energy. An isolated system cannot exchange any heat, work, or matter with the surroundings, but an open system can exchange energy and matter (Prigogine and Defay 1950/1954) . The first law of Thermodynamics states that in a closed system,
where dU is the change in internal energy, δQ is the heat added to the system, and ∂W is the work made by the system. In an open system, the internal energy dU includes changes in the chemical potential made by applied forces. The applied force may, for example, be an electric, magnetic or a gravitic force to make
For a constant P and T, Eq. (6) becomes,
The electrochemical potential of an open system of particles i or species i is,
From (7) and (8),
where μ i is the electrochemical potential of particles i in J.mol − 1 and μ i is the chemical potential of particles i of valence z i in J.mol − 1 ; F is the Faraday constant in C.mol − 1 ; and ϕ i is the local electrostatic potential in V (Trasatti 1986; Bardeen 1947) .
Equation (9) is fundamental to explain how a battery cell works. Furthermore, it explains how other electrical devices like transistors (Bardeen 1947) , electrochromic devices (Heo et al. 2017) , diodes (Sparkes 1994) , light emitting diodes (LED) (Schubert 2006) , thermionic diodes (Jenkins and Jarvis 2013), photovoltaic cells (NREL 1982) , capacitors (Kaiser 2011 ) and kelvin probes (Nonnenmacher et al. 1991) work as a result of the equalization of the electrochemical potentials at the interfaces of two materials in contact with one another. A system and its surroundings can jointly be considered a closed system at constant P andṼ : As a closed system, they will achieve a steady-state (thermodynamic dynamic equilibrium) when the Gibbs free energy is minimum, which is when dG = 0,
Although a battery cell can be considered a closed system, it contains three open systems (the negative and positive electrodes and the electrolyte) to which an external electric field from the material contacted is applied.
On the other hand, according to Gauss's law for ideal charged parallel plates (electrode/electrolyte interface), the electric field outside the internal space between plates is zero, i.e., the electric field outside the double-layer-capacitor (EDLC) is zero; therefore, the electric field to which the electrodes are subjected is the electric field at the interface with the electrolyte (the magnitude of the electric field inside an electrode/ electrolyte EDLC can be of the order of 10 8 Vm − 1 ).
Since the whole battery cell is a closed system (the heat exchanges with the surroundings due to the Joule effect are not considered since they depend on the internal resistance, which varies from cell to cell), Eq. (10) applies if the chemical potentials are taken relative to an internal reference. If the chemical potential of the electrolyte is taken as the reference (Fig. 1 
Equations (11) to (13) indicate that in a battery cell, not only are the electrodes in dynamic equilibrium, but also each electrode with the electrolyte. Equation (11) is commonly used to relate the electrochemical potentials of the electrodes with a cell's potential at, any time in a dynamic equilibrium (steady-state)
or at open circuit prior to charge or discharge, During the reaction occurring in a battery cell at closed circuit,
where ΔG is the Gibbs free energy change per mole of reaction, w e is the electrical Fig. 1 
where K e is the equilibrium constant.
Thermodynamics in an all-solid state Li-S cell
The universal law that states that two dissimilar solid materials in contact equalize their electrochemical potential (or Fermi level) μ i applies not only separately to each electrode/electrolyte interface, but also between the two electrodes in contact across the electrolyte. Therefore, in a battery containing a negative electrode (e.g. lithium, z i = 1) and a positive electrode (e.g. sulfur, S 8 ) each electrode equalizes its electrochemical potential with the electrochemical potential of the electrolyte by the formation of an EDLC at each electrolyte interface through the movement of ions in the electrolyte, see Fig. 2 . For this system, Eq. (11) becomes,
where ΔV is the voltage of the cell at any given time. From (11) and (19) the difference in chemical potentials in a Li-S battery cell is,
It is emphasized that two dissimilar solid materials in contact equalize their electrochemical potentials (Fermi levels); therefore, the alignment of the Fermi levels happens in each electrode independent of the rest of the cell. Conductors in contact align their electrochemical potentials by forming EDLCs with/without tunneling of electrons. In the positive electrode, the S 8 insulator in contact with the electrolyte determines the electrochemical potential of the positive electrode Fig. 2b . While the empty surface states (Bardeen 1947 ) of the relay insulator face the electrolyte, the filled surface states on the opposite surface repel the incoming electrons from the negative electrode Figs. 2, 3 and 4. It is also highlighted that the band gaps are usually underestimated in DFT calculations (Brothers et al. 2008 ) by a factor of ca. 1.6. The band gap of S 8 (s) in Fig. 3b can be as wide as~3.2 eV and the Mott-Hubbard gap of the surface states is~0.4 eV (see Additional file 1).
Rivest et al. (Rivest et al. 2014 ) explored the possibility to tune the electrochemical potential of TiO 2 in gas and liquid environments by controlled attachment of relay phosphonic acid absorbates, organic insulator molecules containing dipoles. This "controlled attachment" formed EDLCs at the surface that provided the necessary energy to set the electrochemical potential of the TiO 2 .
In our cells in (Braga et al. 2017) , the plated lithium in contact with the positive electrode equalizes its electrochemical potential with that of the carbon, which is equalized with the electrochemical potential of the S 8 . Therefore, the electrochemical potential of the lithium plated on the positive electrode is not equal to the chemical potential of the negative-electrode lithium, μ Li@positive electrode ≠μ Li@negative electrode , it is μ Li ¼ μ S 8 as in Eqs. (19) and (20). The carbon and copper help to equalize the Fermi level of the lithium with the sulfur since these metals have to equalize their Fermi levels by receiving electrons from the lithium:
The Gibbs energy of the lithium plating reaction at a sulfur positive electrode from a lithium negative electrode is the same as the Gibbs energy available in a traditional Li-S cell before sulfur reduction (Fig. 2b) provided the lithium does not cover the sulfur in contact with the electrolyte. Fig. 2 Li-S all-solid state battery cell containing stainless steel (SS) current collectors in contact with both electrodes, lithium negative electrode and sulfur S 8 + carbon positive-electrode with copper or aluminum positive current collector; a before equalization of the electrochemical potentials of the electrodes with the electrolyte; b after equalization of the electrochemical potentials during discharge. The electrochemical potential of the positive electrode is smaller than the chemical potential of the unmixed electrolyte reference. The energy loss by the Joule effect due to the resistances inside the cell was not considered. Fig. 4 During discharge of a Li-S all-solid state battery cell containing stainless steel current collectors in contact with both electrodes, lithium negative electrode, sulfur S 8 and carbon positive electrode and copper or aluminum positive current collector. If the electrochemical potential of the positive electrode increases until it overcomes − 3.82 eV, the EDLC charges flip in order to equalize the electrochemical potentials and more Li-ions are attracted to the electrolyte interface with the positive electrode. We do not consider the energy lost by the Joule effect due to the resistances inside the cell a c b Fig. 3 Sulfur electronic structure; a electronic structure for an S atom, sp 3 hybridization, bonding and nonbonding molecular orbitals for S 8 (g) and band structure for S 8 (s) b first principles simulated band structure for monoclinic P2/c S 8 (s), containing 128 atoms and a simulated surface (where periodicity is broken). E c is bottom conduction band, E v is top valence band, UHB is upper Hubbard band, LHB is lower Hubbard band highlighting the Mott-Hubbard gap between filled and empty states of the surface's dangling bonds; c Schematic representation of an S 8 (s) particle showing band bending (Bardeen 1947) at the surface allowing the Fermi level to be the same across the particle and forming a dipole (sulfur dielectric constant is 1.6-1.7) During discharge, the Fermi level of the sulfur remains in the S 8 energy gap so long as the rate of the arrival of electrons from the negative electrode is lower than the rate of tunnelling of electrons to surface Li + to plate lithium Li 0 on the conductive components of the positive electrodes. However, at faster rates of discharge, the electrons may fill the empty surface states of the relay and begin to reduce the relay, which makes the relay act like a conventional host cathode particle. As shown in Eq. (2), if two locations have different total chemical potentials for a certain species, some of it may be due to potentials associated with "external" force fields (electric potential energy differences, gravitational potential energy differences, etc.), while the rest may be due to "internal" factors (density, temperature, etc.) (Kittel and Kroemer 1980) . Therefore, the total chemical potential can be split into internal chemical potential and external chemical potential (Kittel and Kroemer 1980) ,
where
i.e., the external potential is the sum of electric potential, gravitational potential, etc. (q and m are the charge and mass of the species, respectively, V and h are the voltage and height of the container, respectively, and g is the acceleration due to gravity.) The internal chemical potential (usually just referred to as chemical potential) includes everything else besides the external potentials, such as density, temperature, and enthalpy. In equilibrium, it follows
which is similar to (10) when the external work is just electrical. C. Kittel and H. Kroemer state (Kittel and Kroemer 1980) : "The chemical potential is equivalent to a true energy: the difference in chemical potential between two systems is equal to the potential barrier that will bring the two systems to diffusive equilibrium". During discharge, as is shown in Fig. 2 , the sulfur repels the positive electrode's incoming electrons from the negative electrode until the electrochemical potential of the positive electrode reaches − 3.82 eV, which is the chemical potential of the electrolyte; at this positive-electrode electrochemical potential, the EDLC at the positive electrode and electrolyte interface ceases to exist. In Fig. 3 , the positive electrode's electrochemical potential is − 3.72 eV; at this voltage, the surface states are filled and the electrochemical potential of the positive electrode is higher than the electrolyte's chemical potential; therefore, the EDLC at the positive electrode's interface is reversed and the S 8 is reduced.
In the conditions of When the cell's potential is 2.5 V, the triangular energy barrier at the electrolyte/positive electrode surface EDLC becomes 0.07 eV; the latter energy is found assuming that the Fermi level of the negative electrode does not vary much since lithium is a sink of electrons containing many more free electrons than those aligned at the surface forming the EDLC with the electrolyte. The probability of an electron to be transmitted through the triangular quantum barrier of 0.07 eV at the EDLC, increases to 58% for a barrier width d = 0.3 nm (EDLCs thicknesses vary between 0.3-0.8 nm (Bardeen 1947) ). Here the energy lost by the Joule effect due to the resistance to the movement of the ions and electrons across the electrolyte and electrodes was not accounted for since the battery cell was considered a closed system. So long as the electrochemical potential of the positive electrode exceeds that of the electrolyte, electrons tunnel through a potential well to adsorbed Li + as shown in Fig. 4 . In the cells in (Braga et al. 2017) , the solid electrolyte contains dipoles. The dipoles help to keep the charges aligned close to the EDLCs at the interfaces according to the schematics in Fig. 5 . Moreover, additional phenomena will take place due to the long-term alignment of dipoles.
Electrochemical potentials in mixtures
In a battery cell, the reactions occurring at negative and positive electrodes result in a change of electrochemical potential as shown in Eqs. (14) to (18). In an electrode, as in other mixtures of material phases, a two-phase dynamic equilibrium translates into the equalization of electrochemical potentials of the two phases in contact.
Here the Li-Si system was used to illustrate what can happen at the electrodes of a battery cell. In Fig. 6 two graphs from (Liang et al. 2017) show how the electrochemical potentials of the stoichiometric phases of the Li-Si system vary at constant temperature. A stoichiometric phase step-varies its electrochemical potential as it contacts with different phases as shown in Fig. 6a) . Figure 7 shows how the electrochemical potential of the lithium versus liquid-lithium varies (Liang et al. 2017; Braga et al. 1995; Braga et al. 2014 ). In the (Fig. 7c) Therefore, in our cell and in our positive electrode, Li in contact with the bulk electrode will show the same Fermi level as the positive electrode provided it does not cover a critical amount of the surface in contact with the electrolyte. The chemical potential of the positive electrode is constrained by the electrochemical potential of the insulator because of the previously described reasons.
Experimental
For the SS + Li/Li + -glass/S + C + Al + SS cell, a positive electrode slurry containing 60 wt% of S 8 (1.08 mg), 30 wt% (0.54 mg) of carbon black Super P and 10 wt% PVDF (0.18 mg) was prepared as in (Braga et al. 2018) . The slurry was then doctor bladed onto an aluminum foil current collector. The Li-glass electrolyte in a non-woven recyclable paper matrix was prepared as in (Braga et al. 2017; Braga et al. 2018) . The cell was assembled in a CR2032 casing. The Li content was 3.1 mg. A LANHE battery tester was used to discharge the cell. The instrument is different from the one used in (Braga et al. 2017) .
After discharge, the cell was opened inside an argon-filled glove box by removing the loosely bound positive electrode Al-current collector. The electrode and a piece of scratched lithium metal for reference were transferred into an ultrahigh-vacuum X-ray photoelectron-spectrometer chamber without exposing them to air by employing a sample transfer interface. An XPS study was performed with a Kratos Axis Ultra, a multitechnique electron spectrometer (Manchester, UK). The monochromatic Al X-ray source (148.6 eV) was calibrated with the 3d 5/2 line of silver (Hoffmann et al. 2015) . Casa XPS analysis software was used for peak deconvolution, and line syntheses were conducted with a Gaussian-Lorentzian 70:30 curve fit and linear background subtraction of elemental spectra. The XPS profile depth was 10 nm (Hoffmann et al. 2015; Singh et al. 2015) . a c b Fig. 7 Phase diagram for the Li-Si system (Braga et al. 1995) . a phase diagram; b temperature vs electrochemical potential of the Li vs. Li-liquid (Braga et al. 1995) and c (Liang et al. 2017 ) (adapted with permission of the copyright holder). μ Li −μ
, and a Li is the activity of the lithium in the mixture. In a) and b) it is signed 400 K in red dotted line for mutual comparison. In c 677 K is signed for comparison with Fig. 6a) Results and discussion acceptable since not all of the thick positive electrode was in contact with the electrolyte, as is shown in Fig. 8b-c . In Fig. 8 , the profile of V dis versus capacity, which is proportional to time for a constant discharge current with an abrupt change at V dis = 2.36 V in the rate of reduction of V dis provides a quantitative agreement with prediction for a cell with lithium negative-electrode and a positive-electrode electrochemical potential set by the S 8 relay (Fig. 4) . The rate of reduction of V dis increases abruptly once a large number of S 8 particles have their surface states completely occupied (Fig. 3) . Figure 9 shows XPS data for the positive electrode and lithium-metal reference; they provide direct evidence of lithium plated on the positive electrode. Recent literature (Hoffmann et al. 2015) shows that a potential is created on the surface of the sample that creates a shift in peak positions when taking spectra of lithium metal, thus causing the adjustment of the carbon spectra to account for the presence of adventitious carbon to be non-trivial.
If the adventitious carbon peaks in the spectra were to be taken as reference, as is traditionally done in the literature, the Li-metal peaks would be matching the Li-metal, as observed in Fig. 9b .
Examples from the literature
In a recent paper, F. Leng et al. (Lenga et al. 2017) have studied the degradation processes in lithium-ion commercial batteries during aging. Graphite/lithium cobalt oxide (LCO) coin cells were subjected to up to 1000 galvanostatic charge-discharge cycles. Experiments show that between 600 and 800 cycles, lithium plated in the positive electrode. According to (Lenga et al. 2017) , between 600 and 800 cycles, a previously formed LCO surface-insulating layer will crack, resulting in surface spallation with subsequent clogging of the separator's pores. It is pointed out that at this point, plating conditions are created at the positive electrode and an insulating layer relay in contact with the electrolyte fixes the electrochemical potential of the positive electrode, not allowing the LCO to be immediately reduced upon discharge and facilitating lithium plating.
In an in-situ neutron diffraction study of commercial jelly-roll NMC/graphite battery cell at sub-ambient temperatures, V. Zinth et al. (Zinth et al. 2014) did not identify plating on the positive electrode while discharging at C/10 after charging at C/5, at − 20°C. A careful analysis of the experiments shows that indeed lithium was plated a c b Fig. 9 a XPS image with the analyzed positive electrode surface from Fig. 8b . b XPS profile spectra showing carbon and lithium peaks for the lithium positive electrode (a analyzed surface) and glove box-scratched lithium metal (pristine reference not used as anode) using adventitious carbon peaks as reference; c XPS profile spectra as measured on the positive electrode during discharge. A plateau starting at 4.1 V that was not correlated with either lithium plating on the surface of the negative electrode (related with the LiC 12 peak) or with LiC 6 concentrations change, indicates that lithium was being plated on the positive electrode from the electrolyte for around 120 min. Increasing the capacity of the cell (Fig. 10) . After 120 min., LiC 6 starts to decrease while LiC 12 increases, showing the oxidation process of the negative electrode. It is highlighted that the low temperature helps to prevent reduction of the NMC.
Conclusions
The observation of the transfer of metallic-lithium from the negative electrode to the positive electrode on which an insulator relay on the positive electrode contacts the electrolyte is shown theoretically and experimentally to conform to the laws of Thermodynamics. The concept of transfer of an alkali-metal between the two electrodes at a finite voltage is not restricted to a Li + electrolyte and to a sulfur relay; it is also applicable to Na + and K + electrolytes and other semiconductors and insulator relays. Integral reflection intensities of LiC 12 and LiC 6 during C/10 discharge after C/30 charge (red/blue), C/5 charge + rest period (orange/cyan) and C/5 charge without rest period (green/pink). Voltage (working potential Ewe) and current during discharge (top) (Zinth et al. 2014 ) (reproduced with permission of the copyright holder)
